To characterize the responses of raccoons to West Nile virus (WNV) infection, we subcutaneously exposed them to WNV. Moderately high viremia titers (≤ 10 4.6 plaque forming units [PFU]/mL of serum) were noted in select individuals; however, peak viremia titers were variable and viremia was detectable in some individuals as late as 10 days post-inoculation (DPI). In addition, fecal shedding was prolonged in some animals (e.g., between 6 and 13 DPI in one individual), with up to10 5.0 PFU/fecal swab detected. West Nile virus was not detected in tissues collected on 10 or 16 DPI, and no histologic lesions attributable to WNV infection were observed. Overall, viremia profiles suggest that raccoons are unlikely to be important WNV amplifying hosts. However, this species may occasionally shed significant quantities of virus in feces. Considering their behavioral ecology, including repeated use of same-site latrines, high levels of fecal shedding could potentially lead to interspecies fecal-oral WNV transmission.
INTRODUCTION
Over the past several years, numerous studies have indicated that many free-ranging wild mammalian species have been exposed to West Nile virus (WNV; genus Flavivirus ; family Flaviviridae ). [1] [2] [3] [4] [5] [6] [7] [8] [9] Despite the apparent lack of mammalian involvement in WNV cycles and the general contention that they serve as dead-end hosts, 10 researchers have established that various mammals serve as potential competent reservoir hosts. For example, viremia titers of ≥ 10 5.0 plaque forming units (PFU)/mL serum were observed in some experimentally infected golden hamsters ( Mesocricetus auratus ). 11 In addition, fox squirrels ( Sciurus niger ), [12] [13] [14] eastern gray squirrels ( Sciurus carolinensis ), 15 eastern chipmunks ( Tamias striatus ), 16 and eastern cottontail rabbits ( Sylvilagus floridanus ) 17 developed viremia titers considered sufficient to infect some mosquitoes. 18 Raccoons ( Procyon lotor ) are common throughout many urban and suburban communities in the United States. This species is highly adaptable, occupies a variety of habitats, 19 and is an omnivorous opportunist, obtaining sustenance from a variety of both plants and animals. 19, 20 Raccoons are considered a public health threat for a variety of zoonotic diseases, such as rabies, larval migrans associated with Baylisascaris procyonis infection, and potentially avian and human influenza A viruses. [21] [22] [23] Although it has been well established that raccoons are commonly exposed to WNV in at least several geographic regions of the United States, 3-5, 8, 9 the reservoir competency and viral shedding profiles of this species have not been studied. This peridomestic species could be a potential public health threat if it is reservoir competent for WNV and/or sheds significant quantities of virus.
Although the WNV reservoir competence status has been established for many avian species, 18 with few exceptions, wild mammals have been overlooked for their potential role in WNV transmission ecology. [12] [13] [14] [15] [16] [17] The potential importance of these animals should not be a priori discounted, as the apparent insignificance of wild mammals in WNV ecology may be from lack of scrutiny rather than from lack of significance. 24 We conducted experimental infections of raccoons with WNV. Our objectives were to monitor morbidity and mortality rates, viremia profiles, viral shedding, tissue tropism, and to assess gross and histological lesions in WNV-infected raccoons.
MATERIALS AND METHODS
Animal collection and holding. Two groups (groups 1 and 2) of five raccoons each were used in this experiment during the spring and fall of 2009. All raccoons originated (the individuals or their offspring) from the greater Fort Collins area (Larimer County, Colorado) and all were < 1 year of age. Pre-experiment serum samples from these animals were tested by the plaque reduction neutralization test (PRNT) for antibodies to WNV. A second blood sample was drawn from each individual before the experiment as they were moved indoors to confirm their WNV serostatus. For the experimental infection, the raccoons were transferred to a Biosafety Level-3 (BSL-3) animal facility. During each of two separate experiments, four test raccoons were housed in individual isolator cages and a single control raccoon was housed in an open-air cage. Sustenance (omnivore diet; Mazuri, Purina Mills, LLC, St. Louis, MO) and water were provided ad libitum .
Experimental protocol. On day 0 of each experiment, all test animals were subcutaneously inoculated with ~4,000 (10 3.6 ) PFU of WNV strain NY99-4132 (originally isolated from crow brain in New York) diluted in 0.1 mL BA1 medium (M199-Hank's salts, 1% bovine serum albumin, 350 mg/L sodium bicarbonate, 100 units/mL penicillin, 100 μg/mL streptomycin, and 2.5 μg/mL amphotericin B in 0.05 M Tris, pH 7.6). The control animals were sham-inoculated with a placebo (BA1 medium) by the same route and volume as WNV inoculates. Following inoculation, all raccoons were observed for signs of illness, bled, and swabbed (oral and fecal) each day. For inoculations and sampling, animals were anesthetized by a combination of ketamine and xylazine (5:1; e.g., ~10 mg/kg ketamine plus a 2 mg/kg xylazine) administered intramuscularly. Blood was placed in serum separator tubes and allowed to clot. Serum was extracted after centrifugation. Swabs were placed in 1 mL of BA1 medium and kept on wet ice until storage. All samples not immediately tested were stored at −80°C before testing. The first group of raccoons (group 1) was sampled daily from 1 to 10 days post-inoculation (DPI), after which they were anesthetized and humanely euthanized with an intracardiac injection of Euthasol.
Because of unexpected results from the experiment with group 1, a second group (i.e., group 2) of raccoons was sampled daily from 1 to 16 DPI. At the latter time point, it was known that viremia and shedding were undetectable or at the threshold of detection on 14 DPI; therefore, raccoons in group 2 were euthanized on 16 DPI.
Plaque assay. The virus inoculum and post-inoculation sera, swabs, and tissue homogenates were tested for infectious WNV by Vero cell plaque assay as previously described. 25 Briefly, Vero cell monolayers in 6-well plates were inoculated in duplicate with 0.1 mL of sample per well. After 1 hour of incubation at 37°C, the cells were overlaid with 3 mL/well of 0.5% agarose (in a yeast extract-lactalbumin overlay medium supplemented with 2,240 mg/L sodium bicarbonate, 292 mg/L L-glutamine, and antibiotics and amphotericin as with BA1). Two days later, cells were overlaid with 0.5% agarose in overlay medium, with 0.004% neutral red dye (Sigma, St. Louis, MO). Viral plaques were counted on the third and fourth days of incubation. The minimum threshold of WNV detection was 10 0.7 PFU per mL of serum, per mL of urine, per swab, and per mL of 10% tissue suspension.
Plaque reduction neutralization test. Serum samples collected just before inoculation and upon euthanasia at 10 DPI (group 1), or from 5 to 15 DPI for those euthanized on 16 DPI (group 2), were screened for neutralizing antibodies to WNV using PRNT 26 with the same WNV strain used for inoculation. In addition, all pre-inoculation sera were tested for anti-St. Louis encephalitis virus (SLEV) antibodies by PRNT using SLEV strain TBH-28. Before PRNT, serum samples were heat inactivated at 56°C for 30 minutes. For screening, sera were tested at serum dilution of 1:10 in BA1 medium against a challenge dose of 100 PFU of either WNV or SLEV. Sera that neutralized > 75% of viral PFU at a 1:10 dilution were considered positive for antibodies to the respective challenge virus. Sera collected on 16 DPI were serially diluted 2-fold and tested in duplicate to determine WNV reciprocal endpoint 80% neutralization (PRNT 80 ) titers.
Necropsy and tissue processing. Immediately after euthanasia of all raccoons, blood, oropharyngeal and rectal swabs, and tissues were collected. During necropsy of group 1 raccoons on 10 DPI, body condition and gross lesions were noted, and tissues were collected for both histological examination and for WNV plaque assay. For histological examination, the following tissues were preserved in 10% buffered formalin, embedded in paraffin, sectioned at 5 μm, and stained with hematoxylin and eosin: heart, spleen, liver, kidney, lung, brain (obex, cerebellum, pons, caudate nuclei and hypothalamus, superior calculi, thalamus), meninges, cervical and thoracic spinal cord, skeletal muscle, popliteal lymph node, small intestine, pancreas, large intestine, trachea, esophagus, stomach, skin, eye, and vertebral bone marrow. For plaque assay, skin, skeletal muscle, heart, lung, liver, spleen, kidney, gonad, small intestine, large intestine, cerebrum, spinal cord, pituitary gland, and eye were each collected into a vial containing 1 mL BA1 with 20% fetal bovine serum (for an approximate 10% tissue suspension) and homogenized and centrifuged as previously described. 27 For group 2, heart, liver, spleen, kidney, small intestine, and urine (opportunistically) were collected for plaque assay. Following necropsy, all animal carcasses were incinerated.
RESULTS
All raccoons survived to the end of their respective study period (i.e., 10 DPI for group 1 and 16 DPI for group 2). In addition, all animals appeared clinically normal and appeared to eat and drink normally throughout the experiment.
Of the four experimentally infected raccoons in group 1, two developed detectable viremia. In one of these, viremia was first detected on 4 DPI (10 2.3 PFU/mL serum) and was undetectable by 8 DPI ( Table 1 ). The peak viremia titer for this animal occurred on 6 DPI (10 4.0 PFU/mL serum). Viremia was detected from 8 to 10 DPI in the second individual in this group (raccoon 5), and the highest titer detected (10 2.3 PFU/mL serum) was on 10 DPI, after which samples were not collected ( Table 1 ). All four test animals in group 2 developed detectable viremia, and peak viremia titers ranged from 10 2.5-4.6 PFU/mL serum. For all individuals in group 2, peak viremia titers occurred on or after 6 DPI ( x _ = 6.8, SE = 0.8; Table 1 , Figure 1 ). No viremia was detected in the sham-inoculated control animal in either group. West Nile virus was detected in oral swabs of one of four experimentally infected raccoons in group 1 and four of four experimentally infected raccoons in group 2. Shedding (oral or fecal) was not detected before 5 DPI, and typically initiated 3-5 days after the onset of viremia ( Table 1 ) 1 ‡ < 0.7 n/a § n/a < 0.7 n/a n/a < 0.7 n/a n/a > 0 2 < 0.7 n/a n/a < 0.7 n/a n/a < 0.7 n/a n/a n/d § 3
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shed orally at relatively low titers (e.g., < 10 3.0 PFU/swab), but lasted up to 7 days after the cessation of viremia. Positive fecal samples were detected in five of six raccoons that developed viremia. One raccoon yielded a high-titered fecal swab sample (10 5.0 PFU/swab). Because of the unusual nature of detecting such a high-titered fecal swab associated with low-level viremia, we corroborated that the plaques we observed during plaque assays were indeed caused by WNV by reverse transcriptionpolymerase chain reaction (RT-PCR ). For all individuals in group 2, peak fecal shedding occurred on or after 9 DPI ( x _ = 9.75, SE = 0.75; Figure 2 ). No viral shedding was detected in either of the sham-inoculated control animals ( Table 1 ). West Nile virus was not detected in tissues tested at either 10 (group 1) or 16 DPI (group 2), or in any opportunistically collected urine sample. No virus was detected in tissues or urine from either of the sham-inoculated control animals.
Serologic testing indicated that five of eight experimentally inoculated raccoons developed detectable anti-WNV antibodies (i.e., ≥ 75% neutralization) within the study period. These five raccoons had initial evidence of seroconversion between 10 and 15 DPI. All raccoons were negative for anti-SLEV antibodies upon inoculation and neither of the sham-inoculated control animals had evidence of seroconversion to WNV throughout the study.
All raccoons from group 1 were in good body condition and hydration upon necropsy. In addition, all had mild to moderate splenomegaly (2-4× normal size). The sham-inoculated control animal and one of the WNV-inoculated animals had hemorrhage at the midline dorsal cerebrum visible on the cerebral surface, of ~3/4 cm width from the vermis to the frontal lobe. Another WNV-inoculated raccoon had hemorrhage evident in the caudo-ventral aspect of the left kidney (~1 cm diameter) also on midline near the retroperitoneal cavity. In general, microscopic lesions were mild or absent. The sham-inoculated control animal had mild focal lymphocytic inflammation in the renal pelvis and multifocal mild infiltration of lymphocytes, plasma cells, and neutrophils within the alveolar spaces of the lungs as well as macrophages within the alveolar walls. In addition, there was a focus of fibroplasia and chronic hemorrhage in skeletal muscle (seimimembranosus muscle). Among inoculated animals, one raccoon (#3) had a mild lymphoplasmacytic accumulation within the alveolar walls and between the muscle layers of the urinary bladder, with occasional neutrophils in the latter. Another individual (#5) had mild spongiosis of the grey matter tracts of the spinal cord. Two WNV-inoculated raccoons had no significant microscopic lesions. All gross and microscopic lesions in this study were interpreted as incidental findings.
DISCUSSION
Raccoons are one of the few free-ranging mammal species in North America for which a high prevalence of WNV exposure has been well documented. 2-5, 7, 8 However, no information about the reservoir competence, shedding, or morbidity rates of this species is available. Our observation of high survival with little or no obvious signs of disease in raccoons is consistent with that reported for eastern cottontail rabbits and fox squirrels. [12] [13] [14] 17 The microscopic lesions within the pulmonary parenchyma observed in one negative control and one WNV-inoculated raccoon were likely incidental findings and may have been associated with previous parasite migration, whereas the fibrosis within the skeletal muscle was likely caused by an injury from injection with anesthetic drugs. The cause of the spinal cord grey matter spongiosis in an inoculated animal appeared to be early edema of unknown etiology.
The high variability in the timing, duration, and magnitude of viremia in the tested raccoons is noteworthy and is in contrast to that which has been previously reported for most other mammals. For example, one raccoon (#7) was viremic from 1 to 7 DPI, although its viremia was at the minimum threshold of detection on 1 and 2 DPI ( Table 1 ) . A second raccoon (#8) was viremic 5-10 DPI, whereas a third raccoon (#5) was only viremic on 8-10 DPI ( Table 1 ). In other mammals such as fox squirrels, viremia was generally cleared by 5 DPI, 12 although this may vary with exposure route and/ or viral strain. 14 It is atypical for WNV viremia to initiate as late as 8 DPI. However, delayed onset of viremia was documented for bobwhite quail ( Colinus virginianus ) experimentally infected with St. Louis encephalitis virus. 28 On the other hand, WNV pathogenesis in raccoons following needle-inoculation may differ from mosquito (i.e., natural) inoculation. For example, chickens inoculated by mosquito had enhanced early infection when compared with those inoculated by subcutaneous injection. 29 Along with apparently delayed pathogenesis in some experimentally WNV-inoculated raccoons in this study, some individuals were apparently refractory to infection. Two raccoons failed to show evidence of viremia, viral shedding, or seroconversion, thereby suggesting that they did not become infected or that their viremia and shedding levels were below the threshold of detection or delayed in onset beyond the sampling timeline. Although there are competing arguments, the high degree of variability in viremia profiles we observed suggests that the study endpoint for group 1 (i.e., 10 DPI) may have precluded either viremia or seroconversion in these two animals. However, the apparent failure of some test animals to become infected is consistent with another WNV experimental infection in mammals in which only five of eight fox squirrels became viremic after exposure to virus by the oral route. 14 Unlike dogs, cats, 30 and horses, 25 (no close relatives of raccoons have been experimentally evaluated) several raccoons shed WNV by the oral cavity, though at relatively low titers (< 10 3.0 PFU/swab) ( Table 1 ) . Interestingly, Tiawsirisup and others 14 recently showed that fox squirrels orally challenged with WNV at a titer similar to the present study (i.e., 10 2.3 or 10 3.4 PFU) subsequently developed viremia titers considered sufficient to infect some mosquito vectors. Considering this successful oral inoculation of a wild mammal species with WNV, 14 aspects of raccoon behavior that may lead to oral transmission, such as sibling and temporary feeding groups (e.g., close contact), 19 may contribute to the high WNV seroprevalence rates noted for this species. [3] [4] [5] Similar to oral shedding, fecal shedding has implications for inter-and intraspecies transmission of WNV. In this study, fecal shedding was observed in the majority of inoculated individuals and typically began several days after the onset of viremia (e.g., similar to oral shedding). Fecal swabs occasionally contained relatively high WNV titers (mean peak titer of 10 4.3 PFU/swab among fecal shedders), suggesting that whole feces may contain much higher viral loads. This observation may have both intra-and interspecific transmission implications among wildlife species. For example, raccoons are well known to use latrine (defecation) sites. In Indiana, a total of 14 mammal and 15 bird species were documented to visit raccoon latrine sites, several of which fed on undigested seeds in raccoon feces. 31 Importantly, several of the species documented at these sites (e.g., fox squirrels, 12 eastern gray squirrels, 15 eastern chipmunks, 16 eastern cottontails, 17 and blue jays [ Cyanocitta cristata ]) 18 are thought to produce viremia titers considered sufficient to infect some mosquito species with WNV, and ingestion of virus is a known transmission route. 18 In addition, considering the social behavior of raccoons mentioned previously, and that raccoons often manipulate their food items with their hands, the oral-fecal route may provide a mechanism of intraspecific transmission of WNV among raccoons.
Surprisingly, WNV was not detected in raccoon urine samples, even though evidence of infectious virus and viral RNA has been detected in the urine of other mammalian species, including humans. 11, 12, 32, 33 Chronic shedding of WNV in urine has been documented in hamsters (initial detection occurred between 35 and 54 DPI), 11 and more recently in humans. 33 In addition, WNV was not detected in any raccoon tissues tested in the present study, and along with lack of microscopic lesions, this suggests that virus may have failed to reach high titers in tissues (contrary to WNV pathogenesis in some bird species), 18 or was rapidly and efficiently cleared from tissues without causing tissue damage.
This study suggests raccoons are probably not an epidemiologically important host in WNV mosquito transmission cycles. Only 75% of test animals developed a detectable viremia and the peak viremia titers of this peridomestic mammal indicate that while they may occasionally infect mosquito vectors with WNV, this event is likely relatively rare. For example, Komar and others 18 considered birds with peak viremia titers of < 10 5.0 PFU/mL serum to be incompetent reservoirs for WNV infection of mosquitoes; peak titers of raccoons in the present study were below this threshold (i.e., maximum of 10 4.6 PFU/ mL serum). However, blood meals from lower viremia titers may be sufficient to infect some mosquito species, although at lower infection rates. 30 For example, Tiawsirisup and others 34 noted that some mosquito species became infected after feeding on chickens with only moderate viremia titers (e.g., 10 4.5 CID 50 /mL serum). Alternately, the role of nonviremic WNV transmission in nature is not well understood but the phenomenon has been demonstrated experimentally in mammals, and precludes virus replication in the vertebrate host. 35 The relatively high WNV seroprevalence among raccoons suggests that they may be frequently fed upon by some mosquito species. [2] [3] [4] [5] [7] [8] [9] In addition, significant fecal shedding was noted in some raccoons, which may have transmission implications among wildlife by the behavioral ecology of this mesopredator. Thus, although raccoons are well documented to be commonly exposed to WNV in nature, 3, 5 their role in WNV transmission, if any, may be more likely to be associated with fecal contamination of the environment rather than involvement in mosquito-host transmission cycles.
Received March 23, 2010. Accepted for publication June 1, 2010.
